The vibrational relaxation of OH͑A 2 ⌺ + ; v =1͒ embedded in solid Ar has been studied over 4-80 K. The interaction model is based on OH undergoing local motions in a cage formed by a face-centered cubic stacking where the first shell atoms surround the guest and connect it to the heat bath through 12 ten-atom chains. The motions confined to the cage are the local translation and libration-rotation of OH and internal vibrations in OH¯Ar, their energies being close to or a few times the energies of nearby first shell and chain atoms. The cage dynamics are studied by solving the equations of motion for the interaction between OH and first shell atoms, while energy propagation to the bulk phase through lattice chains is treated in the Langevin dynamics. Calculated energy transfer data are used in semiclassical procedure to obtain rate constants. In the early stage of interaction, OH transfers its energy to libration-rotation intramolecularily and then to the vibrations of the first shell and chain atoms on the time scale of several picoseconds. Libration-to-rotational transitions dispense the vibrational energy in small packages comparable to the lattice frequencies for ready flow. Energy propagation from the chains to the heat bath takes place on a long time scale of 10 ns or longer. Over the solid argon temperature range, the rate constant is on the order of 10 6 s −1 and varies weakly with temperature.
I. INTRODUCTION
Molecules trapped in a matrix-isolated environment are of interest in the study of various types of chemical and physical processes taking place in the guest-host interaction. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] Important quantities involved in such processes are energy relaxation time scales for molecule which range from millisecond to picosecond. One such process is the relaxation of vibrationally excited molecules trapped in a solid matrix at cryogenic temperatures. 2, 3, 7, 16, 19 The model of a diatomic molecule trapped in the cage of the host matrix provides a prototype system for developing physically realistic models for studying various energy transfer pathways at low temperatures. Computational studies of the motion of the trapped impurity guest molecule can provide valuable information on the dynamics and relaxation mechanisms of the excited guest molecule and the nature of guest-host interactions. The guest molecule is surrounded by many host atoms, thus its translational and rotational motions are hindered. So describing the guest-host collision trajectory within the cage is not trivial. In an environment consisting of rare gas atoms, the host-host interaction is usually very weak compared with the guest-host interaction, whereas the intramolecular interaction energy of the guest is very large. The energy released by vibrationally excited diatomic molecules is typically 2000-3000 cm −1 , which is two to three orders of magnitude larger than the energy associated with the host-host vibration or the phonon modes. Such energy disparity makes direct transfer of energy from the molecular vibration to the host inefficient, thus leading to long time scale for energy transfer. In fact, time scales for vibrational relaxation for homonuclear diatomic molecules in the condensed phase are known to be very long. For example, the lifetime of vibrationally excited N 2 ͑A 3 ⌺ u + ; v =1͒ in a neon matrix over 1.7-30 K is as long as 3.3 s ͑Ref. 20͒ and that of O 2 ͑X 3 ⌺ g − ; v =1͒ in liquid mixtures of Ar and N 2 at 77 K is in the range of milliseconds. [21] [22] [23] For the latter molecule trapped in an argon cage, the rate constant calculated by multiplying the vibrational transition probability to the collision frequency is 0.016 s −1 at 10 K. 24 However, for homonuclear molecules with a small vibrational energy, vibrational relaxation time scales are much shorter. For example, for the ground state Ca 2 ͑X 1 ⌺ g + ͒, whose vibrational frequency is only 65 cm −1 , the vibrational relaxation ͑1 → 0͒ rate constant is Ϸ2 ϫ 10 11 s −1 at 4.2 K; for the A 1 ⌺ u + electronic state, it is about 10 10 s −1 . 25 Similar time scales have been found by Shugard and Tully 26 in their stochastic approach to the vibrational relaxation of a model homonuclear system with the vibrational frequency of 365 cm −1 . These results suggest that the direct transfer of energy from guest vibration to host vibration can be efficient when the molecular vibrational frequency is low.
For a heteronuclear molecule, on the other hand, the lifetime is often several orders of magnitude shorter even though the frequency of the guest molecule is large. For example, the vibrational relaxation ͑1 → 0͒ rate constants of OH͑A 2 ⌺ + ͒ in Ne at 4.2 K, where OH is known to rotate freely, and NH͑A 3 ⌸͒ in Ar over 4.2-25 K are in the range of 10 5 -10 6 s −1 . 27, 28 Further studies by Goodman and Brus show that in Ar, where the hydrogen-bonded structure OH¯Ar, solvated in Ar, is considered to be important, the OH rate increases greatly from that in Ne. Model calculations of the rate constant for OH͑A 2 ⌺ + ͒ trapped in an argon cage with no mechanism of energy propagation to the bulk matrix are Ϸ10 6 s −1 between 4 and 10 K. 3 For the charge transfer state of XeF͑B 2 ⌺ 1/2 ͒͒ in solid Ar at 25 K, vibrational relaxation time scales for 1 → 0 and 2 → 1 are as short as 800 and 250 ps, respectively. 19 The dynamics of guesthost interaction in the cage becomes complicated for hydrides due to the participation of rotational motion, which can accept a significant portion of the vibrational energy during energy transfer to the matrix. 12, [27] [28] [29] [30] [31] Due to significant attraction between hydrogen and host atoms, rotation can become hindered, in which case the host's librational motion and internal vibration of the hydrogen-to-host "bond" can play an important role in the vibrational relaxation process. Vibration-to-libration/rotation energy transfer becomes efficient when the librational/rotational motion steers the molecule toward the region of strong guest-host interaction for efficient perturbation of the vibrational motion, thus leading to strong vibration-to-rotation ͑VR͒ coupling. Through stepwise multiquantum librational/rotational transitions, the motion can dispense part of the vibrational energy received from the guest in a series of small packages, the size of which is amenable to the phonon modes of the nearby first shell host atoms, thus avoiding the problem of the energy disparity in direct vibration-to-phonon energy transfer.
In this study, we are concerned with the rates of energy transfer from OH͑A 2 ⌺ + ; v =1͒ to the argon environment over the temperature range of 4-80 K. A simplified model of OH embedded in a 12 Ar-atom cage considered in Ref. 3 has been expanded to study the propagation of energy from the guest to the bulk heat bath through the chain atoms. Of a large number of host atoms considered in the present model, the 12 first shell Ar atoms are in direct interaction with OH in a face-centered cubic environment. We treat energy propagation to the region immediately beyond the first shell sphere with a chain model in which 12 ͑N+1͒-atom chains link the guest-host interaction region to the bulk phase. This process was not considered in Ref. 3 . We set the chain length as N =9 ͑i.e., a ten-atom chain͒ from preliminary calculations, which show the amount of energy transfer to the lattice vibration leveling off to a constant as N is increased gradually. The overall potential energy consists of 12 H¯Ar, 12 O¯Ar for OH interacting with 12 first shell atoms and 24 Ar¯Ar interactions in the first shell and 120 vibrations of chain atoms. The OH-first shell interaction dynamics are treated by solving the equations of motion, and the propagation of energy to the matrix through the N-atom chains is calculated in the generalized Langevin procedure. The latter procedure determines the total amount of energy transfer from the guest to the vibrations of 12 chain atoms and then from the Nth atom to the bulk phase. The computed energy transfer data are used to calculate energy transfer probability and in turn rate constants in a semiclassical framework, which explicitly consider the hindered nature of translation and rotation and the contribution of hindered-to-free rotational transitions for the perturbation energy composed of numerous guest-host interactions. The results will be compared with the relaxation of OH͑A 2 ⌺ + ͒ in a hexagonal close packing of Ar. We then extend the procedures to OD͑A 2 ⌺ + ͒ / Ar to study the effects of deuteration on vibrational relaxation in a matrix environment.
II. MODEL AND INTERACTION ENERGIES
The guest molecule is trapped in an argon matrix environment. The 12 first-shell atoms are considered to form the three layers of closest packed spheres stacked in the order of ABCABC. . ., giving rise to a substitutional site where the guest molecule is trapped. The unit cell of this cubic-closepacked structure is face-centered cubic. The atoms occupy the midpoints of the 12 edges of the cube as shown in Fig.  1͑a͒ . OH is surrounded by the 12 first-neighbor ͑i.e., the first shell͒ argon atoms. Ar nk =Ar 10 , Ar 20 , ... ,Ar 60 are in the middle plane, three atoms Ar 70 , Ar 80 , and Ar 90 are in the top layer, and Ar 100 , Ar 110 , ... ,Ar 120 are in the bottom layer, where we use the double index nk to identify each host atom, n for chains and k for atoms in the chain. Note that the subscript 100, for example, stands for n = 10 and k = 0. Each Three chains starting from the first shell atoms 20, 30, and 100 are directed backward and those from 50, 60, and 90 are directed forward. ͑b͒ OH rotational angles ͑ , ͒ and lattice vibrational coordinates ͕ nk ͖ of the n =1 chain are defined. ͑c͒ The displacement ␦ of the cm of OH from the cage center and the displacement q 1 of Ar 10 from its equilibrium position are shown. The displaced atom is indicated by a shaded circle. The distance to cm of OH from the displaced Ar 10 is L 1 and that to the cage center is l 1 . 1 measures the angle between the ␦ and l 1 directions. 1 is the angle between the X axis and the direction of the displaced atom. The H¯Ar and O¯Ar distances z H1 and z O1 are also indicated.
of the first shell atoms is the first member of the ͑N +1͒-atom chain. For the nth chain, the atoms are ordered k =0,1,2, ... ,N. For example, for the first chain ͑n =1͒, the atoms are ordered as nk =10,11,12, ... ,1N ͑or more explicitly, Ar 10 , Ar 11 , ... ,Ar 1N ͒, where the first atom is in direct interaction with H or O of the trapped guest and the last atom is coupled to the heat bath.
In Fig. 1͑a͒ , a cube is shown to depict the positions of the 12 first shell atoms. For clarity we only display the first three members of n = 1, 4, 7, 8, 11, and 12 chains with their nk indices indicated. Other chains not shown are from the first shell atoms Ar 20 , Ar 30 , Ar 50 , Ar 60 , Ar 90 , and Ar 100 . When all atoms are at their equilibrium positions in the closepacked system, the distance between the center of the substitutional site or the cage center to one of the first shell atoms is then the Ar¯Ar distance ᐉ = 3.84 Å, which is twice the van der Waals radius of 1.92 Å. 32 We use this value in the present study rather than the Ar¯Ar distance in the argon dimer, which is known to be 3.758 Å, 33 but the difference is very small. The 12 chains modeled in Fig. 1͑a͒ connect the guest-first shell interaction zone to the bulk phase in the shortest distance. For example, the perturbation of the Ar 10 vibration by the impulse from atom H ͑or O͒ propagates to Ar 11 , Ar 12 , and so on. We consider such a chain to be the most favorable path for energy propagation from the guest to the heat bath. If it were not these chains connecting the OHfirst shell interaction to the bulk phase, the vibrational energy would only transfer to rotation intramolecularly and to translation as well as 12 first shell host atoms forming the cage. However, energy transfer to translation is not significant. 3 Hence, in such a primitive model, only the vibration-tolibration/rotation pathway is of importance. In the present model, however, the introduction of the chains from all 12 first shell atoms enables the vibrational energy to propagate into the bulk phase ͑i.e., the heat bath͒, the process which is important in the real matrix environment. Figure 1͑b͒ defines the rotational angles and of OH, when the center of mass ͑cm͒ of OH is at the cage center. We choose to measure the angle that the molecular axis makes from the Z axis and is the angle of the projection of H on the XY plane from the X axis. Also shown are the argon vibrational modes 10 , 11 ,... for the n = 1 chain. Figure 1͑c͒ defines, taking atom Ar 10 of the n = 1 chain for illustration, the coordinates describing the motion of OH with respect to the argon atom. The distance ␦ determines the displacement of the cm of OH, i.e., translation, from the cage center. The angle 1 measures the direction of the displacement q 1 from the axis of the cage center to the equilibrium position of Ar 10 . 1 is the angle between the cm of OH and the direction of the cage center to the displaced argon. The instantaneous distance between the displaced Ar and the cm of OH is L 1 and that between the cage center and the displaced Ar is ᐉ 
f n ͑,͒ = 3 −1/2 ͓2 1/2 cos − sin cos͑/6 − ͔͒ for n = 7 -9 with = 1,5,9, ͑2b͒
for n = 10 -12 with = 3,7,11. ͑2c͒
Note that the inclination angle of OH from the XY plane is ͑ / 2−͒, which enters in f n ͑ , ͒ as cos͑ / 2−͒ and sin͑ / 2−͒. The latter two trigonometric functions are replaced by sin and cos , respectively, which appear in Eqs. ͑2a͒-͑2c͒. pair is not counted twice. The instantaneous separation between the atoms in each pair is d Ar − q no + q n Ј o . Since the distance L n is a function of ␦, q n , n , and n , we have two sets of angles ͑ n and n and their azimuthal angles͒ in addition to the OH rotation angles ͑ , ͒, but these two sets describing the position of the cm of OH and the displacement of Ar from its equilibrium position have no effects on the molecular rotation. These angles appear in the interaction energy as cos n , cos 2 n , cos n , and cos 2 n , and we replace them by the orientation averaged values over 0 − / 2, 1/2, and 1/3 for the first two and over 0 − , 0, and 1/3 for the latter two.
The overall guest-host potential energy is the sum of the interactions of 12 Ar to H, 12 Ar to O, 24 Ar no¯A r n Ј o in the first shell, and N + 1 argon vibrations in each of the 12 chains,
where the ␦ dependence and ͕q n ͖ come from the collective set ͕L n ͖. In the second sum, the distance ͑−q no + q n Ј o ͒ is for the Ar no ...Ar n Ј o interaction in the first shell. To study the energy relaxation process, we follow the time evolution of the motions of H and O atoms, 12 first shell Ar atoms, and all chain atoms governed by the overall interaction energy U͑␦ , x , , , ͕q n ͖,͕ nk ͖͒. The vibrational relaxation of OH͑v͒ is initiated by the interaction of OH with the first shell Ar atoms in the repulsive region of the cage determined by the first two sums in Eq. ͑3͒. This initial process includes the contributions of intramolecular vibration-to-rotation energy transfer, vibration-to-OH translation, and energy transfer to the vibrational modes of the first shell argon atoms. The propagation of energy to vibrations of chain atom and then to the heat bath is described by the double sum, the last part. The equations of motion for the translational ͑␦͒, vibrational ͑x͒, rotational ͑ , ͒ motions, and 24 nearest first shell atom interactions ͑q's͒ can be treated in a standard procedure. 41 Energy dissipation to the matrix along the chains can be described by 12 Langevin sets ͑n =1,2, ... ,12͒, each containing ten equations for k =0,1,2, ... ,9. Thus, we have 136 equations of motion to be solved,
and the Langevin equations for the nth chain composed of ͑N +1͒ solid atoms, 26, 42, 43 n0 ͑t͒ = − e,n0 2 n0 ͑t͒ + c,n1
nk ͑t͒ = − e,nk 2 nk ͑t͒ + c,nk
2 m Ar , and OH and I OH are the reduced mass and the moment of inertia of OH, respectively. Equation ͑12͒ is for the vibration of the Nth chain atom, which is bound to the bulk phase with the adiabatic frequency ⍀ nN determining the long-time response of the heat bath. In Eq. ͑12͒, m Ar f nN+1 ͑t͒ is the random force on the OH-first shell-chain system ͑or the primary system͒ arising from the thermal fluctuation in the heat bath. This force balances, on average, the dissipative force ␤ nN +1 nN ͑t͒, which removes energy from the primary system in order that the equilibrium distribution of energy in the primary system can be restored after collision. The friction coefficient governs the dissipation of energy from the primary system to the heat bath, the process which occurs long after the start of collision. Note that the subscript ͑N +1͒ in the friction coefficient and the dissipative force signifies the coupling of the last atom N to the heat bath. The friction coefficient is very close to D / 6, where the Debye frequency D is 64 cm −1 from ⌰ D =93 K. 44 All values of the frequencies and friction coefficients in Eqs. ͑9͒-͑12͒ are calculated in an earlier paper 43 using the procedure of Adelman. 42 Note that the numbers are reported in units of D   2 for e,k , c,k , ⍀ N , and in D for ␤ N+1 , and they are nearly identical to those reported by Guan et al. 45 The frequency of the first atom ͑Ar no ͒ along the chain direction is e,no = ͑0.600͒
1/2 D =50 cm −1 . 43 The frequency of Ar n1 is ͑0.511͒
1/2 D , and for all others, the values are very close to ͑0.500͒
1/2 D . For the Ar no¯A r n Ј o interaction in the first shell localized in the immediate neighborhood of the guest, we can estimate the latitudinal ͑opposed to longitudinal along the chain direction͒ frequency from the expression
, where U͕͑q n ͖͒ is the second sum of Eq. ͑3͒. From the second derivative or the force constant 0.738 J / m 2 , the frequency of local phonon mode is found to be 25.1 cm −1 , which is very close to the vibrational frequency of an argon dimer of 25.74 cm −1 , 33 compared to the observed value of a local phonon progression of argon 15Ϯ 1 cm −1 in the matrixisolated NI at 10 K. 46 We note that the frequencies obtained from the Fourier transform of the distance Ar no¯A r n Ј o for many representative trajectories lie in the range of 20-50 cm −1 . To describe the motion of the OH cm motion and to determine its initial conditions for Eq. ͑4͒, we note that the motion is restricted to the neighborhood of the cage center, so it is oscillatory in nature, which we identify as local translation and express in the form
where Ū n ͑ii͒ is the abbreviation of the second derivative of the nth term in the first sum of Eq. ͑3͒ evaluated at ␦ = x = ͕q n ͖ = ͕ nk ͖ = 0 and the bar on each U represents the average over and . The solution of the equation of motion,
where E is the translational energy of OH in the cage. We set the initial time t 0 = 0 throughout the calculation. The solution indicates that the local translational motion is a periodic function with the period = ᐉ͑2 / ͉Ū ͑ii͒ ͉͒ 1/2 . The initial conditions for the vibration of OH are ͒. The initial conjugated momentum for each motion is the first derivative of the expression given above evaluated at t 0 . Thus, the number of the equations to be solved is 272. We solve the equations for 1000 sets of randomly sampled initial conditions over a time period of 1 ns for the integration step of 0.167 fs ͑or 1/10th the OH vibrational period͒ using standard numerical routines. 47 We find each trajectory taking 11 min for a 1 ns run on a departmental mainframe ͑dual CPU, AMD Opteron 246, 2 GHz͒ by Advanced Clustering Technologies, so the run of a 1000-trajectory sample at a given temperature takes 7.6 days. We note that for a 10 000 sample, it would take 76 days, which is prohibitively long.
III. RESULTS AND DISCUSSION

A. Local translation and rotation of OH
The cm motion of OH undergoes an oscillatory displacement in the neighborhood of the cage center, which is dominated by attractive forces from numerous H¯Ar and O¯Ar interactions. Thus, the approach of OH to the close proximity of first shell atoms for energy transfer is strongly affected by these attractive interactions. When OH rotates in the direction at = 90°in the XY plane on which six argon atoms ͑Ar no , n =1-6͒ are distributed, it experiences a periodic force field of six argon atoms located near = 0°, 60°, 120°, 180°, 240°, and 300°, the interaction being determined by the first sum of Eq. ͑3͒. OH-host interaction determined by the first sum is presented in Fig. 2 for ␦ = 0. When = 90°, where OH lies on the XY plane surrounded by six first shell atoms, the -variation is periodic with the potential energy modulating between −0.6170 and −0.6104 eV and closely follows a sixfold symmetry. The barrier height is 6.6 meV or 53 cm −1 , indicating that low-lying energy states of the OH rotation around the XY plane are hindered, thus becoming librational, the motion which is totally different from the free rotation of OH in a Ne matrix. [27] [28] [29] A similar angular dependence persists as OH moves away from the cage center and interacts with the first shell atoms for energy transfer to the host atoms. For = 0°, where the OH bond axis coincides with Z axis with H on top, the landscape is flat reflecting the angular isotropy. The guest-host interaction rises as increases toward the XY plane, taking maximum values near = 35°, where the toplayer atoms Ar 70 , Ar 80 , and Ar 90 are located ͓see Fig. 1͑a͔͒ . The landscape shows a deep valley near = 60°, which is the region between the top three-atom layer and the central sixatom layer in the fcc configuration. Thus, the potential energy surface indicates that the positions of minimum energy correspond approximately the H end of OH pointing at Ar atoms and leads to the participation of energy transfer to libration in the vibrational relaxation of OH.
The coupling of local translation to libration is central to inducing intramolecular vibration to libration/rotation energy transfer and then energy transfer to the host atoms. As shown above, the trajectory of local translation needed in describing the guest-host collision dynamics of the local matrix environment is determined by the second-derivative term,
where
, and f n ϵ f n ͑ , ͒. To obtain Eq. ͑13͒, we replace cos 2 n and cos n by their average values of 1/3 and 0, respectively. The value of Ū ͑ii͒ is −0.606 eV, indicating that the guest is trapped in an attractive well and experiences a repulsive ͑or less attractive͒ wall as it moves away from the cage center. For a representative sample at 4 K, the time evolution of the trajectory of local translation ␦͑t͒ is shown in Fig. 3͑a͒ . Although it is somewhat irregular, the time evolution is oscillatory showing the large amplitude of cm motion in the heteronuclear guest. The appearance of a structured spectrum of the Fourier transform of ␦͑t͒ shown in Fig. 3͑b͒ indicates that local translation becomes hindered to a varying degree at different regions of the guest-host interaction. The principal peaks appear near 20 cm −1 . For various trajectories sampled, the peaks appear between 15 and 25 cm −1 over the temperature range considered. This value is close to the Ar no¯A r n Ј o frequency of the first shell, thus indicating that although itself does not gain energy to any significant extent, local translation opens energy transfer channels to the phonon modes of the first shell atoms by coupling with libration ͑i.e., low-lying rotation͒. Note that the period ᐉ͑2 / ͉Ū ͑ii͒ ͉͒ 1/2 from the solution of the equation of motion for ␦͑t͒ mentioned above is 0.89 ps or 1 / = 1.2ϫ 10 12 s −1 , corresponding to 40 cm −1 , which is about twice the principal peak in Fig. 3͑b͒ . Thus the host with a high frequency is surrounded by various motions of very low frequencies ͑about 50 cm −1 or less, corresponding to energies of a few meV͒. Once the energy reaches the first shell atom, it rapidly propagates along the chain, which also is a collection of low-frequency motions ͑45-50 cm −1 ͒ ͑Ref. 43͒ as noted above. However, energy transfer to the remote region of the matrix from the chain atoms is governed by the long-time response and dissipation terms in Eq. ͑12͒. Thus, energy propagation to the heat bath occurs a long time after the initial interaction of OH with the first shell atoms and energy flow to the chains.
B. Energy transfer
In OH͑v =1͒ → OH͑v =0͒, the vibrational energy relaxes from 0.565 eV to the zero-point energy of 0.194 eV, releasing 0.371 eV. To determine energy transfer from the OH vibration to various motions, we use the standard energy expressions in terms of the kinetic and potential terms for E OH,vib ͑t͒, E OH,rot ͑t͒, and E q ͑t͒. The distances and their first derivative ͑velocity͒ terms are obtained from the solutions of Eqs. ͑4͒-͑12͒ for 1000 randomly sampled initial conditions. Note that E q ͑t͒ is the sum of 12 nearest interactions. The expression for energy transfer to the chains and then eventually to the bulk phase is somewhat lengthy,
͑14͒
The total amount of energy transfer to the matrix E mat ͑t͒ is the sum of E chain ͑t͒ and energy transfer that remains in the first shell atoms E q ͑t͒.
The energies which are important in studying the guesthost interaction system are the quantities averaged over the entire ensemble of trajectories sampled. We denote the ensemble-averaged energy of the OH vibration at t by ͗E OH,vib ͑t͒͘ and the ensemble-averaged energy transfer to the rotation and the argon matrix by ͗⌬E OH,rot ͑t͒͘ = ͗E OH,rot ͑t͒ − E OH,rot ͑t 0 ͒͘ and ͗⌬E mat ͑t͒͘ = ͗E mat ͑t͒ − E mat ͑t 0 ͒͘, respectively. The energy lost by OH͑v =1͒ is ͗⌬E OH,vib ͑t͒͘ = ͗E OH,vib ͑t 0 ͒ − E OH,vib ͑t͒͘. Note the use of "⌬" in the latter expression. The temperature range often considered in cryogenic studies is 5-30 K. 1, 5, 7, 14, 15, 19, 29, 46, 48 We extend the high end to 80 K, which is slightly below the normal melting point of argon ͑83.9 K͒, in the present study to study the thermal effects on the energy relaxation process. Such a wider temperature range has been considered in spin-lattice relaxation for HD in argon 18 and control of I 2 wave packet in argon. 12 We show the time evolution of energy transfer at 4 K during the early period ͑0-100 ps͒ of interaction in Fig. 4͑a͒ and over the wide period of 0-1 ns in Fig. 4͑b͒ . Figure 4͑a͒ emphasizes energy transfer from vibration to libration/ rotation; i.e., ͗E OH,vib ͑t͒͘ and ͗⌬E OH,rot ͑t͒͘ are shown. All energies considered in the calculation are plotted in Fig. 4͑b͒ ; ͗E OH,vib ͑t͒͘, ͗⌬E OH,rot ͑t͒͘, ͗⌬E q ͑t͒͘, and ͗⌬E mat ͑t͒͘. During the early period ͑Ϸ5 ps͒ of interaction, where the ensembleaveraged vibrational energy decreases rapidly from its initial value, the OH rotation gains a large amount of energy from the vibration intramolecularly and then transfers it to the Ar no¯A r n Ј o vibrations of the first shell atoms and to the lattice vibrations of the chains; see Figs. 4͑a͒ and 4͑b͒. The rotational energy transfer increases to the maximum value of 0.24 eV and then decreases, transferring energy to the host atoms. The second feature is that the presence of a long-time region, where the energies vary slowly. At 1 ns, the OH vibrational energy reaches 0.103 eV, while the rotational energy transfer levels off to 0.113 eV and the host atoms gain 0.153 eV. Over the computation time period employed here, OH͑v =1͒ does not release all of its v = 1 energy. Beyond 1 ns, where ͗⌬E mat ͑t͒͘ varies very slowly, the host atoms continue to gain the rest of the vibrational energy. Most of the energy transferred to lattice vibrations from the OH-to-first shell atom interaction eventually propagates into the remote region of the heat bath through the 12 chains, leaving a small amount ͑about 11%͒ in the neighborhood of the cage, the Ar no¯A r n Ј o vibrations of the first shell atoms. ͗⌬E q ͑t͒͘ in Fig. 4͑b͒ represents this energy and its value at t = 1 ns is 0.017 eV. We find that the curve for the OH vibrational en- At 30 K, the OH vibrational energy ͗E OH,vib ͑t͒͘ is 0.092 eV at 1 ns, whereas the energy transfers ͗⌬E OH,rot ͑t͒͘ and ͗⌬E mat ͑t͒͘ are 0.091 and 0.188 eV, respectively. The energy gained by the first shell atoms ͗⌬E q ͑t͒͘ at t = 1 ns is only 0.016 eV. The time evolution of the vibrational energy curve as well as that of ͗⌬E OH,rot ͑t͒͘, ͗⌬E mat ͑t͒͘, and ͗⌬E q ͑t͒͘ at this temperature is similar to the 4 K case. For ͗E OH,vib ͑t͒͘, the double-exponential decay function gives 1 = 7.7 ps and 2 = 17 ns. At 80 K, the values are ͗E OH,vib ͑t͒͘ = 0.119 eV, ͗⌬E OH,rot ͑t͒͘ = 0.114 eV, and ͗⌬E mat ͑t͒͘ = 0.138 eV at t = 1 ns, where the latter energy includes ͗⌬E q ͑t͒͘ = 0.018 eV. The time scales are 1 = 8.3 ps and 2 = 18 ns. Over the temperature range of 4-80 K, therefore, the ensemble-averaged OH vibrational energy at t = 1 ns is close to 0.10 eV. The amounts of energy transfer to rotation lie between 0.09 and 0.12 eV, and somewhat larger values between 0.13 and 0.19 eV for ͗⌬E mat ͑t͒͘. Energy transfer to local phonons of the first shell host atoms is close to 0.016 eV or about 11% of the total energy transfer to the matrix. Thus, the principal qualitative features of interaction dynamics appear to remain unchanged. To elucidate energy transfer pathways, we note the closeness of the time dependence of ͗E OH,vib ͑t͒͘ and ͗⌬E OH,rot ͑t͒͘ and especially the nature of their decreases beyond the initial period of about 5 ps shown in Fig. 4͑a͒ , which suggests the rotational motion transferring its energy to lattice vibrations as soon as it receives the energy from the vibration, thus leading to the two curves remaining fairly close to each other. The OH vibration loses a large portion of its energy to rotation during the early period, which is characterized by the short-time scale 1 mentioned above.
To discuss the role played by the librational/rotational motion in transferring energy from OH vibration to lattice vibration through the short-time intramolecular process, we note that from the quantum expression E OH,rot ͑j͒ = 0.00215j͑j +1͒ eV, the energy spacing for 0 → 1, 1 → 2, 2 → 3, etc., are 34.7, 69.5, 104 cm −1 , etc., respectively. That is, the lowest two levels are now librational in the sixfold rotational minima shown in Fig. 2 . These numbers are close to or a few times the Ar no¯A r n Ј o frequency of first shell atoms 20-50 cm −1 and the chain's lattice vibrational frequencies of 45-50 cm −1 , 43 leading to the coupling of OH rotation to the latitudinal modes ͑q n0 's͒ of the first shell atoms and the longitudinal modes ͑ nk 's͒ of each chain. 31, 49 Such coupling avoids the inefficiency of the released vibrational energy going directly into lattice vibrations, which is highly inefficient because of disparately different frequencies ͑2987 versus 20-50 cm −1 ͒. Thus librational/rotational motion accompanying the relaxation undergoes multiquantum transitions, each step dispensing the energy gained from vibration into smaller packages for ready flow to the lowfrequency phonon modes. Toward the lower levels, the energy spacing becomes comparable to the size of a host lattice phonon, thus making energy flow particularly efficient. A strong OH-to-first shell atom interaction causes vibration → libration/ rotation and then to the local motions of nearby atoms, namely, Ar no¯A r n Ј o vibrations, the process which is guided by local motions.
There is another very important motion, which provides a subtle aspect of the internal motions of the excited guest. Although the cage size of ᐉ = 3.84 Å is large enough for the guest to rotate freely, the surprisingly strong attraction 29, 38, 39 can severely hinder such motion as noted above and even form a hydrogen-bonded OH¯Ar, which has its own vibrational structure. Goodman and Brus 29 reported that a free rotor model does not reproduce the observed spectra of OH in pure Ar or OH in an "argonlike" site, where OH has one Ar nearest neighbor and is otherwise surrounded by Ne, and observed the substructure of OH in the A state in the excitation spectra. We can examine such substructures, which originate from the hydrogen-bonded configuration OH¯Ar, in the present interaction model using the potential functions for = 90°and = 0°in Eq. ͑3͒. Using the WKB approximation, 50 and e x e = ͑9h / 2c OHAr ͒ ϫ͑1 / R e ͒ 2 = 6.5 cm −1 compared to the Morse oscillator parameters e = 202 cm −1 and e x e = 2.6 cm −1 , respectively, obtained from the observed data for the ͑2,0͒ band. 29 The larger parameters for the LJ potential is in part due to a steeper landscape around the potential well. Therefore the excited guest is embedded in an interaction field, which is filled with frequencies of about 20-50 cm −1 for local translation, Ar no¯A r n Ј o phonon modes of first shell atoms and vibrations of chain atoms Ar no¯A r n1 , and frequencies close to or a few times 20-50 cm −1 for libration/rotation and internal vibrations of OH¯Ar. These low-frequency motions cooperate in transferring energy from the guest vibration to the bulk phase.
To estimate the time scale of energy flow along the chain, it is informative to consider a simplified model of OH colliding with a ten-argon atom chain, where we ignore the participation of the internal state of OH so that only the transfer of translation energy along the chain can be examined. As shown in Fig. 5 for such a collision process at 4 K, the translational energy of OH imparted at the first atom reaches the vibrational mode of the tenth atom in about 5 ps. The peak height is 0.0038 eV, which is nearly ten times k B T. The presence of strong attractive energy between the atoms of OH and Ar accelerates the approach of OH to the chain. As given above, D HAr = 1061.6 cm −1 and D OAr = 938.6 cm −1 or 0.131 and 0.116 eV, respectively, which produce an attractive well over which the approaching OH is speeded up so that the apparent kinetic energy of the relative motion at such low temperature can be much larger than that determined by k B T alone. Thus, we expect the acceleration to increase energy transfer to the chain. However, the important point is that it takes several picoseconds for the energy to travel the chain. In the present model, energy flow from Ar no to Ar nN of each chain occurs on such a fast time scale, immediately following energy transfer to Ar no¯A r n Ј o local modes of the first shell. At the risk of repetition, we note that the Nth chain atom Ar nN oscillates with the adiabatic frequency ⍀ nN and its slow transfer of energy to the heat bath is governed by the friction coefficient as shown by Eq. ͑12͒.
The above calculation shows that the librational/ rotational motion shares a significant amount of the available energy after dispensing the bulk of vibrational energy to the host atoms. Over the temperature range considered, the final rotational energies lie between j = 6 and 7, which indicates multiquantum transitions from low-lying librational/ rotational levels accompanying the relaxation process. The v =1→ 0 relaxation rate is then dependent on all these librational/rotational transitions and the extent of energy transfer to phonon modes. Using the time evolution of local motion, we now calculate state-to-state transition probabilities and relaxation rate constants.
C. Energy transfer probability
To obtain an analytical expression for energy transfer probability, we express the overall potential energy in the Taylor expansion and take the fourth derivative,
as the perturbation energy term, where the derivative is evaluated at x =0, ␦ =0, ͕q n ͖ = 0, and ͕ nk ͖ = 0 as signified by the subscript "o." Note that the derivatives with respect to nj apply only to the first shell atom of each chain ͑Ar n0 ͒ because the lattice coordinate n0 enters ᐉ 1 and in turn the H¯Ar n0 and O¯Ar n0 distances. Here the numerical factor of 12 represents the number of terms of the fourth derivatives, which is coincidentally 12, a ubiquitous number appearing in the interaction model. The ␦, x, -coupled terms come from the sum of Eq. ͑3͒, where the dependence represents the interaction of OH with the first atom of each chain, i.e., no . In the Taylor expansion, the first no , x, ␦-coupled term is the third order energy ‫ץ‬ / ‫ץ‬ nj ‫ץ‬ / ‫ץ‬x ‫ץ‬ U / ‫,␦ץ‬ but it vanishes when averaged over n . The fourth derivative given by Eq. ͑15͒ contains 12 H¯Ar and 12 O¯Ar terms, and it is convenient to express it in the form
͑16͒
where each n includes both H¯Ar and O¯Ar interactions. The upper surface in Fig. 6 is the angle dependence of the perturbation energy ͑12/ 4!͚͒ n=1 12 U n ͑iv͒ ͑ , ͒. The lower surface is the potential energy shown in Fig. 2 reproduced here for comparison. Note that the periodicity in the lower surface appears significantly diminished compared to that shown in Fig. 2 
The time evolution of the interaction system is described by the trajectory of local translation ␦͑t͒, which is the solution of the equation of motion for the guest molecule in the cage, and its expression at t = t 0 is given above. The expansion coefficient for vjms → vЈjЈmЈsЈ, C v Ј j Ј m Ј s Ј ,vjms ͑t͒, provides a complete description of the dynamics throughout the interaction process, and its square evaluated in the limit t → ϱ is the state-to-state transition probability
To determine the temperature dependence, we introduce a Boltzmann average of the v =1→ vЈ = 0 probability summed and weighted over rotational and phonon states. The description of three-dimensional motion of OH in the cage requires the introduction of impact parameter b, so an average over the distribution of b can be combined with the thermal average to write the final form of the energy transfer probability
where Q r ͑T͒ and Q s ͑T͒ are the partition functions for OH rotation and lattice vibration, respectively, = ͑⌬E j Ј j,s Ј s / ប͒ ϫ͑ / 2U ͑ii͒ ͒ 1/2 ᐉ and y = ͑2Ū ͑ii͒ / ͒ 1/2 ͑t / ᐉ͒. ⌬E j Ј j,s Ј s is the amount of energy transferred to local translation, which then transports to lattice vibrations after depositing
is displayed such that the combination of the first bracket and the rotational matrix element shows the probability expression is dimensionless. Note that the rest is dimensionless including the E , b-integral. In deriving Eq. ͑18͒, we summed the rotational contribution over mЈ and averaged over m. The latter operation introduces 2j +1, which is not shown in Eq. ͑18͒ as it cancels out by the degeneracy of the rotational levels of the Boltzmann average. The last identity defines conveniently the probability of j → jЈ transition, where the lowest two j values are understood as v h = 0 and 1 as noted below. Thus, the transition matrix elements are divided into two groups, one for hindered-tofree ͑h → f͒ and another free-to-free ͑f → f͒ transitions. Hindered-to-free transitions are for v h =0,1→ jЈmЈ and freeto-free ͑f → f͒ transitions are for jm → jЈmЈ, where j Ն 2. For h → f, E j in the j-sum represents E vh . Here the term "hindered" is for libration. For one-phonon processes, the matrix element of lattice vibration is ͗s +1͉ no / ᐉ͉s͘ = ͑s +1͒ 1/2 ͑ប / 2m Ar e,n0 ͒ 1/2 / ᐉ = 0.0239͑s +1͒ 1/2 . The values of the partition function Q s ͑T͒ obtained with e,n0 are 1.00, 1.10, and 1.68 at 4, 30, and 80 K, respectively. For the perturbation energy linear in the lattice coordinate, multiphonon matrix elements are zero, while for the energy containing quadratic term ͑ no 2 ͒ , ͗s +2͉͑ no / ᐉ͒ 2 ͉s͘ = ͓͑s +2͒͑s +1͔͒ 1/2 ͑ប / 2m Ar e,n0 ͒ / ᐉ 2 . The twophonon matrix element is nearly 1/30 the one-phonon value for s = 0. In the present model, energy transfer to each of 12 first shell atoms and then propagation to the chain atoms is dominated by the one-phonon process. For energy transfer from the lattice vibration of Ar n0 to that of Ar n1 for the nth chain, the interatomic potential energy can be expressed as V n,01 ͑ n0 n1 ͒ = 2 . The energy can be diagonalized through a linear transformation, n0 = a 00 x 0 + a 01 x 1 and n1 = a 10 x 0 + a 11 x 1 , where a 00 =1, a 10 =0,
14. A similar evaluation can be made for the coupling of the second and third vibrations and so on. Thus, from the value of a 01 , the magnitude of the matrix element is reduced by a factor of about 2 between the two adjacent lattice modes, thus taking a longer time for energy flow, as the chain sequence progresses toward Ar nN .
For the hindered motion, we fit the -dependence around the XY plane to V = 1 2 V bh ͓1 + cos͑6͔͒. Using the linear variation method, we obtain the librational wave functions for v h = 0 and 1,
and
where the normalization constants N 0 = 0.41,
, and F i = − ͑i −1͒ / 3. In evaluating the y-integral in Eq. ͑18͒, we note that the cm of the molecule undergoes a one-half period oscillation out of the cage center during which the guest atom interacts with the host atoms in the first shell. This period corresponds to the interval from the lower limit − 1 4 to the upper limit + 1 4 of the t-integral or − / 2 to / 2 in the y-integral. The y-integral appears in a convenient form of a table integral. To remove a rapidly oscillating behavior of the y-integral, we square the integral and take a high-order regression curve which connects the half-height of peaks. For each , we then interpolate the value of the square. Over the duration That is, the guest surrounded by 12 chains, where the first shell atoms form a cage, suffers perturbation at a rate of 10 12 times per second. The collision frequency is comparable to those determined in other models. For example, using the Slater equation for an assembly of quantized, energy-weighted normal modes, Wiesenfeld 53 calculated the collision frequency of 3.1 ϫ 10 12 s −1 for HCl/Ar at T =9-20 K. The amount of energy transferred to rotation, ͗⌬E OH,rot ͑t͒͘ at t = 1 ns, in the temperature range considered lies between 0.09 and 0.12 eV as noted above. Since the energy is an ensemble-averaged value, energies of individual trajectories are distributed over a wider range. Thus, we consider h → f transitions from v h =0 and 1 to jЈmЈ, where jЈ =6-8. For f → f transitions ͑jm → jЈmЈ͒, we include j =2,3 and jЈ =7,8. Only very low-lying energy states are significantly populated at low temperatures, so the major contribution to the relaxation process comes from v h = 0. When energy transfer to libration/rotation is small, the amount carried by local translation to lattice vibrations is large, which causes the y-integral to be small, thus making the overall relaxation process not efficient. On the other hand, when energy transfer to lattice vibrations is small, a large amount has to be stored in libration/rotation, which necessitates multiquantum transitions from v h =0,1 to large jЈ ͑or j =2,3 to large jЈ͒ transitions, for which the transition matrix element is small, thus leading to the result that the overall energy transfer process is not efficient. At T = 4 K, the 0 → 6mЈ, 0→ 7mЈ, and 0 → 8mЈ contributions to the overall probability are P 0,6 ͑T͒ = 1.27ϫ 10 −6 , P 0,7 ͑T͒ = 1.14ϫ 10 −6 , and P 0,8 ͑T͒ = 6.77ϫ 10 −7 ; i.e., P͑T͒ = 3.09ϫ 10 −6 . These are the only important channels, since the Boltzmann factor exp͑−E v h / k B T͒ for v h =1 or exp͑−E j / k B T͒ for j Ն 2 is negligibly small compared to unity. As temperature increases, more rotational states become accessible, thus leading to the opening of many v h → jЈmЈ and jm → jЈmЈ channels, which accompany energy transfer to the matrix. For example, at 80 K, we find the energy transfer processes accompanied by h → f͑0 → 6,0→ 7,0→ 8,1 → 6,1→ 7,1→ 8͒ and f → f͑2 → 7,3→ 7,2→ 8,3→ 8͒ channels are important; the state-to-state probability comes from that accompanied by 1 → 8, P 1,8 ͑T͒ = 1.20ϫ 10 −6 , and the lowest from 3 → 7, P 3,7 ͑T͒ = 3.64ϫ 10 −9 . When all these contributions are included, the probability P͑T͒ is 3.16 ϫ 10 −6 . To discuss these state-to-state contributions to the relaxation time scale, we convert the transition probability to the rate constant using the relation k͑T͒ = ͑
͑ii͒ / ͒ 1/2 P͑T͒, where the rate constant is the sum of individual contributions k͑T͒ = ͚ jj Ј k j,j Ј ͑T͒. At 4 K, the rate constant k͑T͒ is then 7.39ϫ 10 6 s −1 , which is the sum of three energy transfer pathways accompanied by the abovementioned 0 → 6mЈ, 0→ 7mЈ and 0 → 8mЈ h → f transitions, k 0,6 ͑T͒ = 3.04ϫ 10 6 s −1 , k 0,7 ͑T͒ = 2.73ϫ 10 6 s −1 , and k 0,8 ͑T͒ = 1.62ϫ 10 6 s −1 . At 30 K, the values of the latter three channels are not significantly different. However, additional channels 1 → 6mЈ, 1→ 7mЈ, 2m → 7mЈ, 1→ 8mЈ, and 2m → 8mЈ now contribute to the relaxation process. The rate constant is k͑T͒ = 8.75ϫ 10 6 s −1 . At this temperature, 0 → 6mЈ is still the major pathway, k 0,6 ͑T͒ = 2.34ϫ 10 6 s −1 . At 80 K, the rate constant k͑T͒ is 7.57ϫ 10 6 s −1 . At this temperature, the largest contribution comes from the pathway accompanied by 1 → 8mЈ, k 1,8 ͑T͒ = 1.20ϫ 10 6 s −1 . The contribution of the 0 → 6mЈ channel is now significantly diminished; k 0,6 ͑T͒ = 2.87ϫ 10 6 s −1 . Even at this high temperature, f → f channels are still not efficient, the largest being k 2,7 ͑T͒ = 1.34 ϫ 10 5 s −1 . The temperature dependence of rate constants is shown in Fig. 7, where k͑T͒ decreases very slowly to 7.5ϫ 10 6 s −1 at 80 K. Thus, the variation in relaxation rate with temperature is very weak over the wide temperature range of solid argon studied here. In Ref. 3 in which only 12 Ar atoms forming the case are considered, the rate constant is 4.7ϫ 10 5 s −1 at 4 K, which is an order of magnitude smaller than the present study in which 12 Ar chains form the cage. The difference is due to the participation of the 12 chains and the bulk phase in the relaxation process.
In general, an increase in temperature should increase relaxation rates. In examining the weak temperature dependence shown in Fig. 7 , we note the increases in k͑T͒ at the lower temperature region between 4 and 40 K, where the energy of local translation increases by tenfold. The guest undergoes local translation and rotation in a stable solid cage, which is formed by attractive forces exerted by the surrounding host atoms. The overall attractive interaction is particularly strong when the host is in the neighborhood of the cage center and the interaction accelerates local motion so that H can reach near the host atoms, a repulsive region, for energy transfer. As shown in Eq. ͑18͒, the temperature dependence of the relaxation rate is mainly determined by T 2 and the attractive energy factor Ū ͑0͒ / k B T in the Boltzmann integral. As the temperature rises from 4 to 40 K, the decrease in the attractive energy factor counteracts the sharp rise of the thermal factor T 2 , thus resulting in only a slight increase in the rate. The decrease in the attractive energy factor becomes particularly significant as the temperature rises from 40 to 80 K, where the magnitudes of the partition functions are now significant as higher energy levels of librational/rotational motion as well as lattice vibrations become populated. Near 40 K, where the two factors approximately balance, k͑T͒ takes a maximum value. As the temperatures increases beyond 40 K, even though additional channels open, the T 2 dependence is no longer strong enough to increase the efficiency of energy transfer from the guest to libration/rotation, thus leading a slow decrease in the relaxation rate. As noted above, all contributions to k͑T͒ at 4 K come from energy transfer to the host via v h = 0 to free rotation channels. At 10 K, the v h =1→ f channels open, although their contribution to k͑T͒ is only about 2%, but at 30 K, where the populations of both v h = 1 and j = 2 levels are significant, the contribution of pathways accompanied by these two initial states becomes as large as 35%. The contribution of the channels from v h = 1 and j Ն 2 continues to increase as temperature increases, e.g., 61% at 80 K. The spread of population among the initial levels leads to an increase in partition functions. For v h = 0 and 1, the value of Q v h ͑T͒ increases from 1.00 to 1.54 as the temperature increases from 4 to 80 K. For f → f transitions, we need to include the rotational states j Ն 2 in the partition function, which ranges from 1 at 4 K to 2.48 at 80 K. Furthermore, Q s ͑T͒ for lattice vibrations also increases from 1 to 1.68 as noted above. At higher temperatures, these increases are large enough to cause the rate constant to decrease in spite of the opening of additional energy transfer channels and the combined effects of T 2 and the guest-host attraction factor. If the mechanism of energy transfer to the heat bath was absent, the rotation would be the principal destination of the released vibrational energy and the relaxation process would become more efficient as temperature increases. It is interesting to note that if the guest is weakly coupled to a matrix or the temperature is sufficiently high, then the rate constant is proportional to T 2 , the dependence which has been noted in vibrational relaxation in liquids. 54 The observed k͑T͒ for the 1 → 0 relaxation of OH͑A 2 ⌺ + ͒ in Ne at 4.2 K is 0.9ϫ 10 6 s −1 . 27, 48 Goodman and Brus 29 compared the OH/Ne system, where one nearest neighbor is replaced by Ar, with OH/Ar, reporting that a large increase in the relaxation rate of the former is not further affected by additional first shell Ar atoms. They noted that in the pure Ne matrix OH undergoes free rotation, whereas OH is bound to Ar in both the one-Ar in Ne environment and the pure Ar environment, leading to the increase in the rate from OH/Ne to OH/Ar, where OH to Ar attraction is much stronger than that to Ne. Thus the relaxation process sensitively depends on details of the nature of guest-first shell atom interaction. The observed lifetimes shorten from 582 ns in pure Ne to 475 ns in pure Ar. 29 The relaxation rate of NH͑A 3 ͒͟ in Ar at 4.2-25 K is 1.2ϫ 10 6 s −1 , 28,48 which is not greatly different from the present result. A larger value of k͑T͒ in the present system is expected because libration/ rotation is faster in OH than NH due to a larger mass disparity in the former. It is important to note that the ND relaxation rate is known to be two orders of magnitude slower than that of NH ͑Refs. 28 and 55͒ because the librational/ rotational motion diminishes significantly on deuteration in spite of a substantial decrease in its frequency, thus supporting the important role played by libration/rotation in the vibrational relaxation of heteronuclear molecules.
It is interesting to extend the present model to OD͑A 2 ⌺ + ͒ / Ar, where e = 2322.6 cm −1 , e x e = 55.4 cm −1 , e y e = 1.04 cm −1 , and the energy released for v =1→ 0 is 2215 cm −1 . 34 The rotational energy E OD,rot ͑j͒ is 0.001 14j͑j +1͒eV. On deuteration, the vibrational frequency decreases, while the moment of inertia increases, both of which significantly affects the value of relaxation rates in the present procedure. In OD/Ar, the first three rotational levels ͑j =0,1,2͒ are now hindered and the quantity ␣ in the corresponding librational wave functions, Eqs. ͑19͒ and ͑20͒, is 7.21 instead of 5.25 used for OH/Ar. This change affects the magnitudes of v h → jЈmЈ matrix elements in Eq. ͑18͒. Among other factors which change on the deuteration is the product OD OD , which enters in the first part of Eq. ͑18͒. When all these changes are accounted for, the rate constant for OD/Ar at 4 K is 5.64ϫ 10 6 s −1 , which is smaller than the OH/Ar value of 7.39ϫ 10 6 s −1 reported above by a factor of 1.3. At this temperature, we find that the energy transfer pathway accompanied by 0 → 9mЈ hindered-to-rotation transitions becomes important in the relaxation process; k 0,9 ͑T͒ = 1.65 ϫ 10 6 s −1 . The observed value for OD/Ne at 4.2 K is known to be smaller than the OH/Ne value by a factor of about 2. 27, 48 The absolute values of the latter two systems are nearly two orders of magnitude smaller than the values of the present systems, where the host atoms are much heavier and the first shell atoms exert stronger attractive forces on the guest, i.e., the potential well of the excited state deepens in the heavier host atom environment. 29 At 30 K, the calculated OD/Ar rate constant increases to 7.17ϫ 10 6 s −1 , whereas the OH value is 8.75ϫ 10 6 s −1 . Beyond this temperature, where the rate decreases slightly, the OD rates are still smaller than the OH values. At 80 K, the rate constant is 5.72ϫ 10 6 s −1 compared to 7.56ϫ 10 6 s −1 . As in OH/Ar, we find h → f transitions from v h = 1 contributing significantly to the OD relaxation. Comparison of the OH and OD values shows that the deuterated molecule relaxes more slowly, although the difference is not very large, even though it has a much lower vibrational frequency than OH. The isotope effect is particularly weak compared to the relaxation in the Ne matrix largely because, in the Ar cage, the OH rotation is no longer free. Note that the isotope effect is large in vibration-to-free rotation energy transfer, 56 but it is less pronounced when rotation becomes hindered. These results suggest that an intramolecular vibration-to-rotation process is absent or does not play any significant role when thesss guest is a typical homonuclear molecule such as N 2 or O 2 or a nearly homonuclear ͑CO͒, where the phonon mode of the first shell atoms is still the energy acceptor from the molecular vibration via local translation, but rotation is not efficient in dispensing the vibrational energy to small packages for the lattice vibrations. Furthermore, such a molecule does not solvate in a rare gas matrix or, when it does, the extent is very weak, so the contribution of the internal vibrations of guest-host state is absent. In fact, the relaxation rates of N 2 in Ne at T = 1. Finally, we note that the present model is based on the face-centered cubic environment where the host atom as packed in order of ABC ABC. . . . In the hexagonal close packing ͑hcp͒ of AB AB. . ., the bottom layer atoms Ar 100 , Ar 110 , and Ar 120 are below the atoms in the top layer, so they are stacked in the sequence oriented in the same angle as the top around the Z axis. For this stacking, we set =1, 5, and 9 in Eq. ͑2c͒ as in Eq. ͑2a͒, which introduces a slightly higher energy than the fcc surrounding. Because the distances between H ͑or O͒ and Ar 100 , Ar 110 , and Ar 120 are slightly different from those between H͑or O͒ and Ar 70 , Ar 80 , and Ar 90 , the potential energy in the neighborhood of the minimum points 90°, 210°, and 330°is slightly structured, but the overall landscape is dominated by the maxima appearing at 30°, 150°, and 270°. The potential energy maxima and minima now show a pattern of the threefold symmetry at = 90°and the barrier height is 107 cm −1 . Thus the rotational levels j = 0, 1, and 2 are hindered, for which the threefold librational wave functions can be readily derived using the procedure given above for Eqs. ͑19͒ and ͑20͒. The calculated OH/Ar rate constants at 4, 30, and 80 K are 4.74 ϫ 10 6 , 4.90ϫ 10 6 , and 3.40ϫ 10 6 s −1 , respectively, which are smaller than the fcc values by factors of 1.6, 1.8, and 2.2. Thus, over the solid argon temperature range considered, the efficiency of the vibrational relaxation of OH͑A 2 ⌺ + ; v =1͒ in the fcc structure is about twice that in the hcp local environment.
IV. CONCLUDING COMMENTS
We have studied the vibrational relaxation of OH͑A 2 ⌺ + ; v =1͒ in an argon environment formed by 12 tenatom chains, which play the role of conduit of energy propagation from the embedded guest to the bulk heat bath of a face-centered cubic environment, over the temperature range of 4-80 K. The guest-first shell interaction dynamics are determined from the solutions of the equations of motion, whereas the chain dynamics for the propagation of energy to the heat bath are treated with the generalized Langevin equations. The ensemble-averaged energies are calculated for 1000 trajectories by solving the dynamics of the guest and 120 host atoms. With a large number of host atoms and all important guest-host and host-host interaction energy terms, the model provides useful information on the amounts of energy transfer to various motions, energy transfer pathways, and their time scales in the OH͑v =1͒ + Ar system.
The guest diatom undergoes local translation with a frequency of 15-25 cm −1 , librational/rotational motion, and interacts with the first shell atoms in the OH¯Ar configuration. The relaxation process is composed of two time regions, the short time scale of several picoseconds representing primarily the intramolecular vibration-to-libration/ rotation energy transfer process in OH¯Ar as well as energy transfer to the first shell and chain atoms and the long time scale of nanoseconds describing energy propagation from the chains to the heat bath. The major portion ͑55%-70%͒ of the energy released from the guest propagates to the heat bath, while the rest deposits in the OH rotation. Only about 11% of energy transfer to the matrix remains in the argon-argon vibrations of the first shell atoms.
Semiclassical procedures are used to calculate state-tostate energy transfer probabilities and in turn rate constants. The energy transfer data obtained from the dynamics calculations indicate that the most plausible final energy levels of the guest rotation are jЈ =6-8. The rotational potential energy landscape shows that the two lowest levels ͑0,1͒ are hindered, thus the rotational channels accompanying the overall vibrational relaxation process are hindered-to-free rotational transitions ͑0,1→ 6,7,8͒. Below 10 K, only 0 → 6,7,8 transitions are of importance, but other transitions, including free-to-free transitions of 2 , 3 → 6,7,8, become important as temperature increases. The temperature dependence of the rate constant over 4-80 K is found to be weak, showing a slowly varying maximum at an intermediate temperature as a result of a competition between the thermal factor of the cm motion in OH and the strength of attractive forces between OH and the first shell atoms, as well as the temperature dependence of the spread of initial librational/ rotational and lattice vibrational populations.
Energies ͑frequencies͒ associated with local translation, rotational motion, Ar¯Ar vibration in the first shell, and lattice vibrations in the chain are in the range of 15-50 cm −1 . The energies associated with the librational/ rotational motion and the internal vibrations of OH¯Ar localized in the cage are close to or a few times of the lowfrequency values, but they accept energy from the disparately high vibrational frequency guest and dispense it
